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In this study, performance of a 50 kW organic Rankine cycle (ORC) with internal heat
exchanger (IHE) having R245fa/R152a zeotropic refrigerant with various compositions
was investigated. The IHE could reduce heat rate at the ORC evaporator and better cycle
efficiency could be obtained. The zeotropic mixture could reduce the irreversibilities
during the heat exchanges at the ORC evaporator and the ORC condenser due to its gliding
temperature; thus the cycle working temperatures came closer to the temperatures of the
heat source and the heat sink. In this paper, effects of evaporating temperature, mass
fraction of R152a and effectiveness of internal heat exchanger on the ORC performances
for the first law and the second law of thermodynamics were considered. The simulated
results showed that reduction of R245fa composition could reduce the irreversibilities at
the evaporator and the condenser. The suitable composition of R245fa was around 80%
mass fraction and below this the irreversibilities were nearly steady. Higher evaporating
temperature and higher internal heat exchanger effectiveness also increased the first law
and second law efficiencies. A set of correlations to estimate the first and the second law
efficiencies with the mass fraction of R245fa, the internal heat exchanger effectiveness
and the evaporating temperature were also developed.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
At present, demand and cost of electricity increase rapidly and moreover, higher greenhouse gas and other emissions due
to power generation are obtained. Many methods have been reported to reduce the fossil fuel consumption and organic
Rankine cycle (ORC) [1–4] is a promising technology to generate electricity. The cycle uses low boiling point working fluid
then it could be operated with low grade heat sources such as industrial waste heat and renewable energy, for example,
geothermal energy, solar energy and biomass, etc.
To improve ORC thermal performance, an internal heat exchanger could be conducted to exchange heat between the
fluid leaving the turbine and that before entering the evaporator to reduce heat rate input of the cycle. Guo et al. [5]
analyzed and compared performance of an ORC with internal heat exchanger to that of a basic ORC, using R600a, R245fa and
R290 as working fluids. With a heat source temperature at 160 °C, compared to the basic ORC, the thermal efficiency of theer Ltd. This is an open access article under the CC BY-NC-ND license
.
tsiriroat).
Nomenclature
CP heat capacity, J/kg-K
h specific enthalpy, J/kg
I ̇ irreversibility, W
M mass fraction of R245fa, %
ṁ mass flow rate, kg/s
P pressure, kPa
s specific entropy, J/kg-K
T temperature, °C, K
Q̇ heat input, W
Ẇ work, W
η efficiency, %
v specific volume, m3/kg
Ɛ effectiveness
Subscripts
1, 2, 2a,…8 state point
evap evaporator
PUMP pump
1st the 1st law
TUR turbine
C condenser
HE heat exchanger
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Selection of organic working fluid must be performed carefully by considering safety and environmental properties assessment
such as atmospheric life time (ALT), ozone depletion potential (ODP), global warming potential (GWP) including appropriate values
of cycle temperature and pressure. Hung et al. [6] studied an ORC using different fluids among wet, dry and isentropic fluids. Dry
and isentropic fluids showed better thermal efficiencies and moreover, they did not condense during expansion in the turbine thus
less damage in the machine was obtained. Tchanche et al. [7] analyzed thermodynamic characteristics and performances of 20
fluids in a low-temperature solar organic Rankine cycle and R134a was recommended. Recently, there was a report showing other
suitable working fluids for low temperature heat source which were R123 and R245fa.
During heat exchanging in the evaporator and the condenser of the ORC cycle, there are temperature differences be-
tween the heat exchanging fluids which generate irreversibilities at the cycle components; then some part of the cycle
available work is destroyed. Use of zeotropic fluid in the ORC is one method to reduce the temperature differences during
the heat exchanges. The temperature of the zeotropic fluid is changing during a phase change and the temperatures of the
cycle working fluid could follow those of the heat source and the heat sink streams at the evaporator and the condenser,
respectively. With smaller temperature differences compared with the single working fluid, consequently, the irreversi-
bilities during the heat exchanges are less and higher cycle work output could be obtained. Heberle et al. [8] studied the
second law efficiencies of zeotropic mixtures as the working fluids for a geothermal ORC. The results showed that the
efficiency was increased up to 15% compared to that of pure fluid for heat source temperature below 120 °C. Deethayat et al.
[9] studied a basic ORC using R245fa/R152a as the working fluids and the irreversibilities at the evaporator and the con-
denser were found to be less than those of the unit using single R245fa. Anyhow, there was a limit of R152a composition due
to its high flammability when the value was over 30% [10].
In this study, performance analysis of a 50 kW ORC with internal heat exchanger was studied when the working fluid was a
mixture of R245fa/R152a. A hot water stream at 115 °C was taken as a heat source at the evaporator and a cool water stream fixed
at 27 °C was conducted as a heat sink at the condenser. The effects of evaporating temperature, mass fraction of R245fa and
effectiveness of internal heat exchanger on the ORC performances following the first law and the second law of thermodynamics
were considered.Fig. 1. The components in basic ORC.
Fig. 2. The components in ORC with internal heat exchanger.
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The organic Rankine cycle has the same principle as the steam Rankine cycle as shown in Fig. 1 but the cycle uses organic
working fluids instead of water. Fig. 2 shows the ORC with internal heat exchanger for exchanging heat between the
working fluid leaving the turbine and that entering the evaporator for improving the cycle efficiency. Fig. 3 describes
processes in T–s diagrams for single dry working fluid and zeotropic mixture. It could be noted that for the cycle with
zeotropic mixture, the working fluid temperature is not constant during phase-change and follows the heat source or the
heat sink temperature then the irreversibilities at the evaporator and the condenser could be less compared with those for
the single fluid.
For simplicity in the analysis, some assumptions were taken as follows: steady state conditions, no pressure drops in the
components. The energy equations of the all components were summarized as follows:
The basic ORCPump:
W
mv P P
1
p
P
1 2 1( )
η
̇ =
̇ −
( )
W m h h 2p a2 1( )̇ = ̇ − ( )
Evaporator:
Q m h h 3E a3 2( )̇ = ̇ − ( )
Turbine:Fig. 3. T–s diagram of the ORC for dry working fluid.
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Condenser:
Q m h h 5C a4 1( )̇ = ̇ − ( )
The 1st law of efficiency:
W W
Q 6
T P
E
1stη =
−
( )
The ORC with internal heat exchangerEvaporator:
Q m h h 7E HE3 2( )̇ = ̇ − ( )
Condenser:
Q m h h 8C HE4 1( )̇ = ̇ − ( )
Internal heat exchanger:
Q mC T T mC T T , 9HE p a a HE p a HE a4 4 4 2 2 2( ) ( )̇ = ̇ − = ̇ − ( )
Q mC T T . 10HE p min a a4 2( ) ( )ε̇ = ̇ − ( )
Irreversibilities at the evaporator and the condenser,Evaporator:
⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦I m h h T s s m h h T s s . 11w HE R5 6 0 5 6 3 2 0 3 2( ) ( )̇ = − − ( − ) − − − ( − ) ( )
̇ ̇
Condenser:
⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦I m h h T s s m h h T s s . 12w R4 1 0 4 1 8 7 0 8 7( ) ( )̇ = − − ( − ) − − − ( − ) ( )
̇ ̇
The 2nd law efficiencies, 2ndη
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̇ − − −
̇ − − ( − ) ( )3. Conditions for the ORC Calculation
The conditions for the ORC calculation were:
1. The temperature of heat source was 115 °C.
2. The ambient temperature was 25 °C.
3. The cooling water temperature at the condenser was 27 °C.
4. The evaporation temperature (saturated condition) ranged from 70 to 100 °C.0
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Fig. 4. The 1st law efficiencies of the basic ORC and the ORC with internal heat exchanger at various evaporating temperatures and mass fractions of
R245fa. The internal heat exchanger effectiveness was 0.6.
Fig. 5. The 1st law efficiency of the ORC with internal heat exchanger at various mass fractions of R245fa and various effectiveness of internal heat
exchanger.
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6. Isentropic efficiency of turbine ( TURη ) was 0.85.
7. The turbine work was at 50 kW.
8. The thermal-physical properties of the working fluids were evaluated from REFPROP [11].
9. The set pinch-point temperatures between the heat exchanging fluids (ΔTPP) at the evaporator and the condenser were
6 °C and 3 °C, respectively.
10. The effectiveness (ε) of internal heat exchanger was 0.6–0.8.4. Results and discussion
Fig. 4 shows the first law efficiencies of the basic ORC and the ORC with internal heat exchanger at various values of
evaporating temperatures and mass fractions of R245fa/R152a. The effectiveness of internal heat exchanger is 0.6. Higher
evaporation temperature resulted in higher efficiencies. More mass fraction of R152a or less mass fraction of R245fa gave
better performance since less irreversibilities at the evaporator and the condenser were obtained. The efficiency was highest
when the R245fa fraction was around 80% and the value was rather steady when the fraction was less than this value. It
could be noted that the ORC with internal heat exchanger gave better performance since the internal heat exchanger re-
duced the heat rate input at the evaporator.
Fig. 5 shows the effect of the internal heat exchanger effectiveness on the first law efficiency of the ORC with internal
heat exchanger. Higher effectiveness and evaporation temperature resulted in higher efficiency. Again, the first law effi-
ciency was highest when the R245fa fraction was around 80%.
Figs. 6 and 7 show irreversibilities during heat exchanges at the evaporator and the condenser of the ORC with internalFig. 6. Irreversibilities at the evaporator.
Fig. 7. Irreversibilities at the condenser.
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with those for the single fluid due to lower temperature gaps between the heat exchanging fluids. For the working blend, as
the R245fa composition decreased, at the evaporator, it was found that the temperature gap of the heat exchanging fluids
was reduced and then less irreversibility was obtained. Anyhow, it could be found that the temperature difference slightly
increased when the R245fa composition was over around 80–90% (R152a composition of 20–10%). Higher evaporator
temperature also resulted in lower irreversibility since the temperature gap between the heat source and the cycle working
fluid was less. The results were similar at the condenser.
Fig. 8 shows the second law efficiency of the ORC with internal heat exchanger. It could be seen that the value was
highest when the R245fa composition was around 80% (R152a at 20%) since lowest irreversibilities at the evaporator and at
the condenser were found. Higher evaporating temperature and higher internal heat exchanger effectiveness also resulted
in higher efficiency.
Some of the simulation results were given in Table 1. A correlation to predict the first and the second law efficiencies
could be given in forms of
M T0. 1758 141st 0.06168 0.1543 evap
1.065η = ϵ ( )−
M T11. 83 152nd 0.04906 0.1818 evap
0.5071η = ϵ ( )−
It should be noted that the model could predict all of the data within75% variation and the standard deviations were
0.0178 and 0.0234, respectively.5. Conclusion
R245fa/R152a, a zeotropic refrigerant was used as a working fluid in a 50 kW ORC with internal heat exchanger. The
results showed that the temperature gliding during the phase change of mixture could decrease ireversibilities at the
evaporator and the condenser of the cycle thus the first law and the second law efficiencies could be improved. Decrease of
R245fa or increase of R152a compositions generated higher temperature gliding of the cycle working fluid. The suitable
composition of R245fa was around 80% mass fractions. When the R245fa composition was less than this, the first law, the
second law efficiencies and the irreversibilities at the evaporator and the condenser were nearly steady. Higher evaporatingFig. 8. The 2nd law efficiency of the ORC with internal heat exchanger.
Table 1
Simulation Data.
Working fluids Mass
fraction
Tevap (°C) Effectiveness (ε) Work
(kW)
Irreversibilities at evaporator and con-
denser (kW)
1st law
(%)
2nd law
(%)
R152a/R245fa 30/70 70 0.6 47.96 104.53 8.19 45.88
R152a/R245fa 20/80 70 0.6 48.20 106.59 8.09 45.22
R152a/R245fa 10/90 70 0.6 48.45 114.07 7.64 42.47
R152a/R245fa 30/70 85 0.6 47.49 91.91 10.15 51.67
R152a/R245fa 20/80 85 0.6 47.79 93.21 10.10 51.27
R152a/R245fa 10/90 85 0.6 48.09 97.53 9.76 49.31
R152a/R245fa 30/70 100 0.6 46.91 87.87 11.68 53.39
R152a/R245fa 20/80 100 0.6 47.29 88.49 11.72 53.44
R152a/R245fa 10/90 100 0.6 47.67 91.08 11.50 52.34
R152a/R245fa 30/70 70 0.7 47.96 104.00 8.25 46.12
R152a/R245fa 20/80 70 0.7 48.20 105.98 8.17 45.48
R152a/R245fa 10/90 70 0.7 48.45 113.43 7.71 42.71
R152a/R245fa 30/70 85 0.7 47.49 91.34 10.23 52.00
R152a/R245fa 20/80 85 0.7 47.79 92.52 10.20 51.65
R152a/R245fa 10/90 85 0.7 48.09 96.79 9.85 49.69
R152a/R245fa 30/70 100 0.7 46.91 87.26 11.77 53.76
R152a/R245fa 20/80 100 0.7 47.29 87.72 11.83 53.91
R152a/R245fa 10/90 100 0.7 47.67 90.21 11.62 52.84
R152a/R245fa 30/70 70 0.8 47.96 103.46 8.32 46.36
R152a/R245fa 20/80 70 0.8 48.20 105.36 8.24 45.75
R152a/R245fa 10/90 70 0.8 48.45 112.79 7.77 42.95
R152a/R245fa 30/70 85 0.8 47.49 90.76 10.31 52.33
R152a/R245fa 20/80 85 0.8 47.79 91.83 10.29 52.04
R152a/R245fa 10/90 85 0.8 48.09 96.04 9.95 50.08
R152a/R245fa 30/70 100 0.8 46.91 86.65 11.86 54.14
R152a/R245fa 20/80 100 0.8 47.29 86.94 11.94 54.39
R152a/R245fa 10/90 100 0.8 47.67 89.33 11.75 53.36
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estimate the first law and the second law efficiencies with the mass fraction of R245fa, the internal heat exchanger effec-
tiveness and the evaporating temperature was also developed. The results could fit very well with the experimental data.Acknowledgment
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